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Abstract 
Compared to influenza A, there is less studies on influenza B, although it has caused 
significant morbidity worldwide. The nucleoprotein (NP) of influenza B is the major 
component of the ribonucleoprotein complex (RNP), which is crucial for the 
transcription and replication of the viral genome. This study is to investigate how 
influenza B NP forms oligomers and binds RNA. 
In vivo RNP reconstitution assay showed that six mutants (Atail loop, E395A, F468S, 
R472A, [C464S, P466S, V467S] & [P473S, I474S； L476S]) were defective in forming 
functional RNP. All of them were monomeric in vitro and in vivo, as shown by static 
light scattering and co-immunoprecipitation respectively, indicating that the 
defective RNP activity was caused by defects in homo-oligomer formation. E395, 
F468, R472 and other two groups of residues (C464, P466 & V467; P473,1474 & 
L476) were identified as crucial residues for NP-NP interaction. These data suggest 
that NP oligomerization is mediated by tail loop and mainly governed by inter 
subunit interactions between the tail loop and its insertion groove. 
It was found that two groups of basic residues (Gl, which includes residues K125, 
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K126, R235 & R236; and G2, which includes residues R211, K213 & R217) and a 
flexible charged loop (residues 125-149) located on the exposed basic groove are 
crucial for NP-RNA interaction. This was proven by the mutations on G1 and G2 
region and deletion of the charged loop, which resulted in low RNP activity and 
significantly decreased RNA binding affinity assessed by in vivo RNP reconstitution 
assay and surface plasmon resonance assay respectively. Further investigation in the 
charged loop located the first five basic residues (K125, K126, K131, K132 & K133) in 
the loop as crucial residues for RNA binding. 
The work presented here allows us to gain more knowledge on this important 
protein, and for better comparing influenza A and influenza B NP, which will lead to 











R472 和其他兩組殘基（C 4 6 4 �P466 及 V 4 6 7 ; P473�1474 及 1_476)是 NP-NP 相 
互作用的關鍵殘基°這些資料表示尾迴圈主導NP同源寡聚，以亞基之間的相互 
作用尤其重要。 . 
採用體內RNP重組技術及表面等離子體共振技術(surface plasmon resonance)， 
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1.1 Severity of influenza 
Influenza viruses are RNA viruses causing a contagious respiratory illness called 
influenza, which is one of the major causes of worldwide morbidity and mortality 
(World Health Organization, 2004). There are three types of influenza virus - A； B 
and C. Only influenza A and B circulate worldwide frequently, causing seasonal 
epidemics every year. Annually, about 3 000 000 to 5 000 000 cases of severe illness； 
and about 250 000 to 500 000 deaths are caused by influenza epidemics (World 
Health Organization, 2009). The viral infections can lead to hospitalization and even 
death in high risk groups, which are the young, the elderly and the chronically ill. 
The reoccurrence of epidemics stems from continuous antigenic drift of influenza 
viruses. Mutations in the hemagglutanin (HA) and neuraminidase (NA) antigen on 
the virus surface allow virus escaping from immune system's recognition. 
Occasionally, novel human influenza A subtypes emerge due to genetic 
reassortment with animal influenza A viruses, making people become susceptible 
and the virus spread uncontrollably, leading to pandemic (Hay et al” 2001). In the 
last century, there were four influenza pandemics. The "Spanish Flu" occurred in 
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1918 was particularly serious, killing more than 50 million people globally (Johnson 
et al” 2002), while the 1957 "Asian Flu" and 1968 "Hong Kong Flu" were much 
milder, causing two million and one million deaths respectively (Potter, 2001). More 
recently, the 2009 “Swine Flu" killed 18 000 people (World Health Organization, 
2010). 
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Figure 1.1 Global circulation of Influenza viruses. (World Health Organization, 2011) 
Although influenza B viruses do not cause pandemics due to their limited genetic 
reassortment, the severity cannot be underestimated. From 2010 week 20 to 2011 
week 20, a significant proportion of Influenza positive specimens were of influenza 
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B virus globally (Figure 1.1) (World Health Organization, 2011). In the 2010 - 2011 
flu season in the USA, 26.1 % of the 52 939 influenza positive samples were of 
influenza B virus (Centers for Disease Control and Prevention, 2011). Influenza B 
virus infection also causes substantial mortality among young children. In the 2010 -
2011 flu season, 33 out of the 89 reported influenza-associated pediatric deaths 
were associated with influenza B viruses (World Health Organization, 2011). In Hong 
Kong, influenza B virus accounts for 54.5 % of the 3005 influenza positive isolations 
in the winter/spring peak season of 2009-2010 (Centre for Health Protection, 2010). 
1.2 Introduction of influenza viruses 
Influenza virus is classified to the family of Orthomyxoviridae, in which all viruses 
have segmented, single stranded and negative-sense RNA genome. The three types 
of influenza viruses are identified by antigenic difference in nucleoprotein (NP) and 
matrix protein (Ml). Influenza A viruses can be divided into different subtypes 
according to the subtypes of their surface glycoproteins, HA and NA. Unlike 
influenza A viruses, influenza B viruses cannot be divided to different subtypes, but 
they are divided to two co-circulating antigenically different strains, Victoria lineage 
and Yamagata lineage (Nakagawa et al., 2000). 
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1.2.1 Virion and genome structure 
Influenza A and B viruses have similar virion structure. Both have a lipid membrane 
embedded with (a) HA, which is involved in virus entry to target cells; (b) NA, which 
is involved in the release of virus from cells. Influenza A virus has M2 (an ion 
channel) existed on the surface, while its functional counterpart BM2 exited in 
influenza B virus. A unique NB protein is also present on the influenza B virus 
membrane for promoting efficient replication (Hatta et al.； 2003). Underneath the 
lipid envelop is a layer of matrix protein Ml； which is believed to be the driving 
force of virus budding (Albo et al., 2000). A virion core contains eight segments of 
ribonucleoprotein (RNP)； which is a complex of a genomic RNA segment coated by 
stoichiometric number of NP to form a helical hairpin. A heterotrimeric viral RNA 
dependent RNA polymerase (RdRp), which is composed of polymerase acid (PA), 
polymerase basic 1 (PBl) and polymerase basic 2 (PB2) subunits (Braama et al., 
1983), is associated to helical-hairpin-shaped end of RNP (Hsu et al„ 1987). Each 
RNA segment encodes for one or two viral proteins. Both type A and B influenza 
viruses contain 8 RNA segments encoding for 11 proteins. 9 out of the 11 proteins 
are common: PA, PBl, PB2, NP, Ml, NA, HA, NSl (non-structural protein 1), NS2 ‘ 
(non-structural protein 2; also known as nuclear export protein, NEP). M2 and 
PB2-F2 are unique for influenza A, while BM2 and NB are found in influenza B only 
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(Palese et al., 2007). 
1.2.2 The replication cycle of influenza viruses 
Influenza virus replication cycle begins with the entry of host cells, typically the 
epithelial cells of upper respiratory tract (Wagner et al” 2002). Upon binding of HA 
on the viral surface to sialic acid on cell membrane； virus is internalized by receptor 
mediated endocytosis. The low pH in endosome is vital for the release of RNPs to 
cytoplasm in two ways. First； the acidic environment activates structural change in 
HA, resulting in fusion of viral and endosomal membrane, and formation of pores 
for RNP entry to cellular cytoplasm (Stegmann； 2000). Second, protons enter viral 
core through M2 ion channels (BM2 in flu B) to disrupt protein-protein interactions, 
resulting in the release of RNPs from viral matrix (Pinto et al., 2006). Since the size 
of RNP (10-20 nm wide) (Compans et al., 1972; Martm-Benito et al" 2001) is too 
large for passive diffusion into nucleus, their import to nucleus depends on active 
transport involving the cellular nucleocytoplasmic trafficking machinery (Palese et 
al.； 2007). All proteins in RNP (PA, PBl, PB2 and NP) have nuclear localization signals 
(NLS), which interact with various karyopherins such as importin a and (3 (Samji,� 
2009). 
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Once into nucleus, RNP complexes synthesize mRNA and complementary RNA 
(cRNA) for translation and replication respectively. The transcription of incoming 
vRNA into mRNA is primer dependent. The mRNA synthesis requires a 5' capped 
primer, which is resulted from endonucleolytic cleavage of host mRNA by RdRp 
(Krug, 1981). This process is known as cap snatching. The nascent mRNA is added 
with poly (A) tail at the 3' end by iterating transcription of a stretch of five to seven 
"U" near the 5' end of vRNA (Li etal., 1994; Luo et al., 1991). The poly (A) tail is 
essential for mRNA transport to cytoplasm for translation like host mRNA (Poon et 
al., 2000). To replicate, vRNA is synthesized in two steps. The incoming 
negative-sense vRNA is first transcribed into positive-sense cRNA, which is 
complementary to vRNA. The cDNA then acts as template for more vRNA 
production. RdRp catalyze all of the reactions mentioned (vRNA -> cRNA, vRNA 
mRNA, cRNA vRNA) (Fodor et al.； 2002; Neumann et al., 2004), but how it 
switches between different modes of RNA synthesis remains under investigation. 
Some newly synthesized viral proteins like NP； PA, PBl and PB2 are transported back 
to nucleus for RNPs assembly, which are in turns exported to cytoplasm for virus 
assembly. The export of RNP is believed to occur when a complex of RNP, M l and 
NS2 is formed (Cros et al., 2003). NS2 interacts with cellular export machinery, the 
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Crml, so that the complex is exported to cytoplasm (Cros et al., 2003; Elton et al., 
2001). Not just acting as an adaptor between RNP and NS2, M l is also believed to 
play an important role in RNP dissociation from the nuclear matrix (Bui et al.； 2000). 
Assembly and budding of progeny virions then occur at the apical plasma 
membrane (Kristensson et al., 1978). During assembly； M l laid beneath the lipid 
bilayer plays a vital role by recruiting viral components to the apical surface, while 
M2 (BM2 for influenza B) is involved in RNP capturing (imai et al.； 2004). To have 
infectious progeny virion； correct package of a complete set of RNPs is required. The 
exact mechanism of how each virion incorporates exactly eight segments of RNP is 
not known, but there is evidence suggesting each segment is packaged selectively 
by the "packaging signal" located in the coding region ofvRNA (Fujii et al., 2003). 
The budding of influenza virus is probably initiated by M l accumulation underneath 
the lipid bilayer (Gomez-Puertas et al., 2000). At the end of budding, virion is 
anchored to cell surface due to the binding of HA on virion to the sialic acid on the 
cell surface. The budding is not completed until NA removes the sialic acid 
anchoring HA to release virion from host cell (Luo et al.； 1999; Palse et al” 1974). ,NA 
activity is also important in removing sialic acid present in the viral envelope to 
prevent aggregation among virions. 
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1.3 Influenza virus NP 
Both influenza A NP (NPA) and influenza B NP (NPB) are basic and rich in arginine 
and lysine, having a positive charge at neutral pH. Sequence alignment between 
NPA and NPB shares 37 % homologies, indicating a common ancestor. However, NPB 
contains a significantly lengthened N-terminal region (first 50 amino acids) and lacks 
homology with NPA over the first 68 amino acids. The N-terminus is highly 
conserved in length and amino acid sequence among influenza B strains, suggesting 
a conserved but unclear role played by the N-terminus (Stevens et al., 1998). Both 
the three-dimensional structures of NPA and NPB have been solved, showing a head 
domain, a body domain and a tail loop region (Figure 1.2). NPA exists as trimers in 
crystal (Ye et al” 2006 & Ng et al., 2008), while NPB exists as tetramers (unpublished) 
(Figure 1.3). 
A Head I B I "ead 
Tail loop I I I I 
Body Body 
Figure 1.2 A) Structure of NPA. B) Structure of NPB. 
8 
‘ • A M 
\t 
Figure 1.3 A) NPA trimer. B) NPB tetramer. The red boxes indicate one of the tail 
loop insertion sites. 
1.3.1 The importance of NP in RNP structure maintenance 
Type A and B NP have an important role in maintaining the structure of RNP, 
allowing RNP to act as a template for transcription and replication of viral genome. 
In each RNP, a vRNA segment is encapsidated by numerous NP molecules, forming a 
rod like structure (Ortega et al., 2000). Even in the absence of vRNA, NP molecules 
still remain a RNP-like rod like structure, indicating NP-NP interaction contributes to 
the RNP rod like structure (Ruigrok et al., 1995). Meanwhile, NP-RNA interaction is 
also important for encapsidating vRNA in RNP complex. These two interactions are 
well studied in NPA, but not in NPB. 
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1.3.2 NP self oligomerization 
Early studies about influenza A NP-NP interaction did not identify specific regions 
important for oligomerization, but found that the Kd of NP-NP interaction is around 
200nM (Elton et al.； 1999). The mechanism of oligomerization was not known until 
NPA structure was solved. The crystal structure reveals that oligomerization is 
mediated by insertion of the tail loop (residues 402-428) of a NP molecule to the 
body domain of its neighbor (Figure 1.3A) (Ye et al” 2006 & Ng et al., 2008). To have 
successful NP-NP interaction； extensive inter-molecular interactions are required to 
maintain the insertion； while extensive intra tail loop interactions are required to 
maintain the proper conformation of the tail loop for proper insertion (Ng et al" 
2009). E339 and R416 form the crucial ion pair between two NP molecules (Figure 
1.4) (Ye et al., 2006), while four non-polar residues (V408, P410, L418, and P419) 
form zigzag pattern of hydrophobic interactions at the stem of the tail loop to 
maintain the loop-shaped conformation (Figure 1.5) (Chan et al., 20.10). The tail loop 
is proposed to have flexibility due to the presence of two flexible linker regions 
(residues 397-401 and 429—437). This allows the formation of higher order 
oligomers (Ng et al., 2009). 
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m 1:339 T O 
Figure 1.4 The salt bridge formed between R416 in the tail loop (blue green) and 
E339 in the body domain of another NP subunit (pink) is crucial for maintaining tail 
loop insertion. 
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Figure 1.5 Four non polar residues located in the stem of the tail loop form zigzag 
pattern of hydrophobic interactions, which are crucial for maintaining the shape of 
tail loop for insertion. 11 
1.3.3 NP-RNA interaction 
The interaction between NP-RNA shows high affinity (Kd of ~20nM) without 
sequence specificity (Baudin et al” 1994; Yamanaka et al., 1990). Chemical 
modification experiments suggested that NP interacts with RNA through 
electrostatic interactions between positively charged residues distributed 
throughout NP and the phosphate backbone of RNA (Baudin et al., 1994; Elton et al., 
1999). Before the reveal of NP structure, it has been found that arginine instead of 
lysine residues are crucial for RNA binding (Elton et al., 1999; Medcalf et al., 1999). 
This finding was later found to be matched with the flu A NP structure. 27 residues 
(22 arginines and 5 lysines) out of the 71 basic residues in NPA are exposed on the 
surface of NP trimer (Ng et al., 2009). Among those residues, 4 out of 5 lysine 
residues are polymorphic in influenza A NP, while arginines are more conserved, 
supporting the role of arginine in RNA binding (Ng et al., 2009). The surface plasma 
resonance analysis of NPA mutants revealed some arginine residues (R74, R75, R150, 
R152, R156, R162, R174, R175 and R221) and a flexible basic loop rich in charged 
residues (residues 72 - 91) are crucial for RNA binding (Ng et al” 2008) (Figure 1.6). 
These residues are located at the groove between the head and body domain. This 
leads to the hypothesis that the flexible basic loop samples for RNA, then the 




Figure 1.6 Arginine residues (pink) and a flexible basic loop (dotted black line) 
located between the head and body domains are crucial for RNA binding of NPA. 
1.3.4 NP and other interacting partners 
NP is not only an RNA binding structural protein, but it is also a key adaptor 
mediating various processes during replication by interacting with various viral and 
cellular molecules. Due to the potential outbreak of influenza A pandemics, these 
interactions in NPA have been studied extensively. Since NPB is the functional 
homolog of NPA, it is likely that they will share some common interacting partners 
although the mechanisms may be different. 
NP'polymerase interaction 
NP has direct interaction with PBl and PB2 but not PA (Biswas et al., 1998). The 
13 
interaction between NP and viral RNA polymerase may act as a processivity factor 
for polymerase and switch the transcriptional function of polymerase between 
mRNA and cRNA synthesis (Portela et al., 2002). 
NP-Ml interaction 
Early studies showed that M l and RNP interact, not knowing if the interaction is 
direct； as M l can bind RNA as well (Rees et al” 1981). Later, the direct interaction 
between the middle domain of M l and NP is confirmed in recombinant NP and M l 
(Noton et al., 2007). The interaction is important for M l to mediate intracellular 
RNP traffic and virus assembly. 
NP-NSl interaction 
N S l was first shown to be coimmunoprecipitated with polymerase complex and NP 
in infected cells lysate (Marion et al” 1997). It was later found that NP, but not 
polymerase subunits； interacts with the RNA binding domain of N S l (Robb et al., 
2011). The interaction may be required for the regulation of viral RNA synthesis by 
N S l (Robb et al., 2011). 
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NP-importin a interaction 
NP has two identified nuclear localization signals (NLS). One is an unconventional 
NLS located at the N-terminus of NP； while another is a conventional bipartite NLS 
spanning at residues 198 - 218 (Wang et al., 1997; Weber et al” 1998). Both of 
them are responsible for importin a binding； and thus allowing recruitment of 
cellular nucleocytoplasmic trafficking machinery for nuclear import of RNP. 
NP-CRM1 interaction 
NP accumulation in the nucleus was observed when cells were treated with 
leptomycin B, which inhibits CRMl； a cellular receptor of nuclear export signal (NES) 
(Watanabe et al.； 2001). On the other hand, over-expression of CRMl caused NP 
accumulation in cytoplasm. These imply that NP contains a NES recognized by CRMl 
(Elton et al., 2001). However； the binding site of CRMl on NP has not yet been 
identified. 
NP-BAT1/UAP56 interaction 
The first 20 amino acids in the N-terminus of NP is the binding site for BAT1/UAP56, 
which is a cellular splicing factor classified to a family of RNA-dependent ATPases 
(Momose et al.； 2001). The interaction was found to stimulate vRNA synthesis 
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(Momose et al., 2001). 
NP-NF90 interaction 
The C-terminus of NP is required for its interaction with cellular nuclear factor 90 
(NF90). A significant increase in viral genome replication and mRNA transcription 
was observed in cells without NF90 expression by using small interfering RNA, 
suggesting that NP90 negatively regulates viral replication (Wang et al., 2009). 
1.4 Aim of the project 
Currently； influenza B infection is treated with antiviral drugs such as oseltamivir and 
zanamivir, which work by inhibiting neuraminidase (Moscona, 2005). However； 
emergence of influenza B strains with reduced sensitivity to neuraminidase 
inhibitors was reported (Hatakeyama et al., 2007). This raised concerns about the 
possible emergence of new virus strains resistant to neuraminidase inhibitors and 
urged the development of new antiviral drugs (Stephenson et al., 2009).0ne of 
possible drug targets is nucleoprotein (NP). NP is a major structural component of 
RNP and NP interacts with numerous viral and cellular components, making it vital 
for the virus infection. Together with the fact that NP is highly conserved among 
influenza B strains, it is a good candidate for drug target. 
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Therefore, the aim of the project is to study the oligomerization and RNA binding 
properties of NPB for understanding how NPB forms oligomer and binds RNA, as 
well as finding the differences between NPA and NPB in the concerned processes. 
These data will lay the foundation for the design of inhibitors for interfering with the 
NP-NP or NP-RNA interactions. 
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Chapter 2 
Materials and Methods 
2.1 Biological materials 
Mammalian 293T cell line was maintained in minimal essential medium (MEM) 
containing 10% fetal bovine serum (FBS) at 37�C in 5% CO2. Anti-NP antibody (Santa 
Cruz Biotechnology), anti-myc antibody (Cell Signaling Technology)； anti-flag 
antibody (Sigma-Aldrich) and anti-beta-actin antibody (GenScript) were purchased. 
Plasmids pClPA, pCIPBl and pCIPB2 expressing RNA polymerase subunits of 
influenza B/Panama/45/90 virus were kindly provided by Dr. Ervin Fodor (University 
of Oxford, UK) and were described previously (Jackson et al.； 2002). Plasmid 
pPol-Luci-NA-RT was generated to produce vRNA like RNA, in which the non-coding 
sequence of NA segment flanking firefly luciferase coding region. Plasmid pcDNA-NP 
was generated by inserting the NP gene of B/HongKong/CUHK-24964/2004 into 
mammalian expression vector pcDNA3 (Invitrogen) for NP expression in 293T cells. 
The genes of NP mutants were subcloned into pcDNA™3.1/myc-His for myc-tagged 
NPB expression in mammalian cells, pCMV-Tag2B for flag-tagged NPB expression in 
mammalian cells, and pRHisMBP for expression of maltose binding protein 
(MBP)-tagged NP variants in Escherichia coli. An NPB N-terminal 1-68 peptide 
18 
tagged with His was purchased from Genscript. 
2.2 Construction of NP mutants 
Mutations were introduced to NP gene by site-directed mutagenesis using 
pcDNA-NP as template plasmid. The primers used for mutagenesis and subcloning 
were listed in Table 2.1 and 2.2. All mutations were confirmed by sequencing. 
Table 2.1 Names and sequences of primers used for the construction of NP 











P466S_R cactgcaaacacactgctgcagcttat ‘ 
V467S_F aagctgcagcccaagttttgcagtggaaa 
V467S_R ttt cca ctgca a a a cttgggctgca gctt 
C464S,P466S_F ggc caaataagcagtagcagtgtgtttgcagtg 
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C464S;P466S_R cactgcaaacacactgctactgcttatttggcc 































Atail loop (452-485)_F gtaggtggagacggatcaatgaatattgaggg 
Atail loop (452-485)_R ccctcaatattcattgatccgtctccacctac 
NPB to myc一BamHI_F ccggggatccatgtccaacatggatattg 
NPB to myc_Notl_R ataagcggccgaaataatcgaggtcatc 
NPB A66 to myc—BamHI—F aatcggatccatgcaaaagaaacagacccc 
NPB to flag_Xhol_R gccgctcgagttaataatcgaggtcatc 
NPB A66 to flag—BamHI_F cgaggatcccaaaagaaacagacccc 
NPB_BamHI_F cgcagcggatccatgtccaacatggatattgac 
NPB 一 S a l l l _ R ccgtgcgtcgacttaatagtcgaggtcatcataat 
Table 2.2 Names and sequences of primers used for the construction of NP mutants that may 
be defective in RNA binding 
Name Sequence 
K125A； K126A_F ctgccactgatgacgcggcgac 
K125A, K126A_R gtcgccgcgtcatcagtggcag 
K125A, K126A, K131A, K132A； cactgatgacgcagcaactgagttccaag ’ 
K133A_F 





K131A, K132A； K133A_F ccgagttccaagcagcagcaaatgcagcagat 
K131A, K132A, K133A _R atctgctgcatttgctgctgcttggaactcgg 
R136A, K139A, K142A, K149A_F gatgtcgcagaaggggcagaagaaatagatc 
R136A； K139A, K142A, K149A_R cccttctgcgacatctgcggcattctttttc 
D137A, E140A, E143A, E144A； aaagaatgccagagcagtcaaagcagggaaagcagcaatagcacacaaca 
D146A_F aaac 
D137A, E140A, E143A, E144A, gttttgttgtgtgctattgctgctttccctgctttgactgctctggcattcttt 
D146A一 R 
R211A, K213A_F gtttccaagcgtcagcggcactaaaaag 
R211A, K213A—R ctttttagtgccgctgacgcttggaaac 
R217 A一 F cactaaa a gcggttgga cttgat ccttc 
R217A—R gaaggatcaagtccaaccgcttttagtg 
R235A； R236A_F cacaatccccgcagcatcaggtgc 
R235A, R236A_R gcacctgatgctgcggggattgtg 
A charged loop—F cacaacaaaacaggaggcacc 
A charged loop一R cctgttttgttgtggtcatcagtggcagccaatag 
2.3 Luciferase assay 
Plasmids pClPA, pCIPBl, pCIPB2； pcDNA-NP (wild-type or NP mutants) and 
pPol-Luci-NA-RT (0.125ug each, except the amount of pcDNA-NP is individually 
adjusted) were co-transfected to 1.125E+5 293T cells for RNP complex 
reconstitution. Plasmid for EGFP expression (0.0625ug) was also co-transfected for 
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normalization (Li et al., 2009). For the negative control； empty pcDNA instead of 
pcDNA NP was transfected to cells. At 48hrs post-transfection, 293T cells were lysed 
by Steady-Glo assay reagent (Promega) for five minutes followed by luminescence 
measurement on a luminometer (Victor^ 1420 Multilabel Counter, Wallac) according 
to manufacturer's instructions. 
2.4 Western blot 
The cell lysate of 48hrs post-transfected 293T cells were resolved in 10% SDS-PAGE, 
and then transferred to Immobilon-P membrane (Millipore). NP, myc-tagged NP and 
flag-tagged NP variants were detectd with anti-NP antibody (1:200), anti-myc 
antibody (1:2000) and anti-flag antibody (1:2000) respectively. The bands were then 
developed with goat anti-mouse IgG (H+L)-HRP Conjugate (1:2000, Bio-Rad) by ECL 
western blotting detection reagents (GE healthcare). Expression of beta-actin 
(1:2000) was detected by anti-beta-actin antibody (1:2000) and same secondary 
antibody for internal normalization. 
2.5 Protein expression and purification 
MBP-tagged NP variants were expressed in Escherichia coli C41 (DE3). The cells were 
then harvested by centrifugation and lysed to release the protein. The lysate was 
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passed through an amylose column (New England Biolabs). The bound protein was 
eluted with a 0 to 20mM maltose gradient in 20 mM sodium phosphate (pH 6.5) and 
150 mM NaCI. The eluate was incubated with thrombin (100 U) (Sigma) and RNase A 
(300 U) (Sigma) at 4 � C overnight to remove MBP tag and RNA from NP and then 
passed through a heparin high-performance (HP) column (GE Healthcare). NP was 
eluted with a 0 to 1.5M NaCI gradient in the same buffer. RNase A was removed 
after passage through the heparin HP column. 
2.6 Circular dichroism spectroscopy 
lOpiM of NP variants were prepared in 20 mM sodium phosphate (pH 7.0) and 150 
mM NaCI and measured for far UV spectra by CD Spectrometer Jasco J-810, at 25�C 
using 0.1cm bandwidth quartz cell. Each spectrum was subtracted with buffer blank, 
which was recorded separately, and converted to molar ellipticity； [6] =0/ (10 • C • I) in 
which 0 is the observed ellipticity (mdeg), C is molar concentration (mol/l) and I is 
path length of cell (cm). 
2.7 Static Light scattering 
Wild-type or mutant NP proteins were subjected to static light scattering analysis by 
using a miniDAWN triangle (45� , 90� , and 135�) light scattering detector (Wyatt 
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Technology Corporation, Santa Barbara； CA) connected to an Optilab DSP 
interferometric refractometer (Wyatt Technology Corporation). This system was 
connected to a Superdex 200 column (GE Health- care) controlled by an 
AKTAexplorer chromatography system (GE Healthcare). Before sample injection, the 
miniDAWN detector system was equilibrated with 100 mM sodium phosphate (pH 
6.0) and 100 mM NaCI for at least 2hrto ensure a stable baseline signal. The flow 
rate was set to 0.5 ml/min, and the sample volume was 100 pil. The laser scattering 
(687 nm) and the refractive index (690 nm) of the respective protein solutions were 
recorded during the measurement processes. Wyatt ASTRA software was used to 
evaluate all data obtained. 
2.8 Surface plasmon resonance 
A biotinylated 2'-0-methylated RNA oligonucleotide with the sequence 5'-UUU GUU 
ACA CAC ACA CAC GCU GUG-3' was prepared in running buffer (lOm.M Tris-HCI, 
150nM NaCI, 0.005% surfactant P20, 62.5|ig/ml BSA, 125ng/ml tRNA, ImM DTT, 5% 
glycerol, pH8) and immobilized on an SA sensor chip (GE Healthcare) until the 
surface density reached 30 to 35 response units (RU), according to manufacturer's 
instructions (GE Healthcare). Kinetic measurements were carried out with a BIAcore 
3000 system at 25°C. Concentration series of NP variants were injected onto the SA 
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chip at 30 pil/min in running buffer. 2M NaCI was used for the surface regeneration. 
Data were analyzed with BIAevaluation v. 4.1 software. 
2.9 Co-immunopredpitation (co-IP) 
For the NP homo-oligomerization experiment, 2\ig of flag-tagged 
and myc-tagged NP plasmids was transfected into human kidney 293T cells in 
suspension. Co-IP was performed at 48hrs posttransfection. Cells were resuspended 
in a solution containing 50 mM Tris-HCI (pH 7.6), 150mM NaCI, ImM EDTA, and 1% 
Triton X-100 (co-IP buffer) and lysed. The lysate was centrifuged at 16,000 X g for 10 
min at 4�C. The supernatant was incubated at 4 � C overnight with RNase, and with or 
without anti-myc Ab. The mixture was then incubated with protein A beads for 1.5 h 
at 4 � C with shaking. The beads were centrifuged and washed with co-IP buffer three 
times before being boiled in SDS loading dye and analyzed by Western blotting, 
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Chapter 3 
Identification of residues crucial for NPB oligomerization and 
ribonucleoprotein activity 
3.1 Introduction 
A 3.2A crystal structure of influenza B NP reveals that each NP protomer has a head, 
body and tail loop domains (residue 458 - 485). An asymmetric unit is composed of 
a chain A and chain B NP. Two chain A and two chain B NP protomers compose a 
tetramer, in which the tail loop of a protomer inserts to the body domain of its 
neighboring protomer (Figure 1.3B, 3.1). 
Chain A 
NP ^ ^ ^ I Head 
Tail loop from C ^ ^ 
chain BNP 
Figure 3.1 The tail loop of a chain B NP (yellow) inserts to the body domain of 
chain A NP (purple). 
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When chain A and B are superimposed, the tail loop position relative to the body 
domain is quite different，suggesting that the two linker regions (residues 4 5 2 - 4 5 7 
and 486 - 494), which join the tail loop to the head domain, are flexible (Figure 3.2). 
It is highly possible that the tail loop flexibility allows NPB to form higher-order 
oligomers other than tetramers. 
Figure 3.2 Superimposition of chain A and B of NPB. 
Thus, it is reasonable to hypothesize that tail loop insertion is crucial for both 
tetramer formation in crystal and oligomerization In RNP. The molecular contacts 
involved in tetramer formation and oligomerization are likely to be similar. 
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Two types of molecular contacts appear to control the process of tail loop insertion. 
One is interaction within the tail loop for maintenance of the tail loop structure; 
another is interaction between the tail loop and its insertion groove on another NP 
(inter chain interaction) (Figure 3.3). Three groups of residues appear to maintain 
the tail loop structure. They are T1 at the tip, T2 at the stem and T3 at the base 
(Figure 3.3A). T1 involves H-bonds between R472 and F468, and R472 and V470. T2 
involves hydrophobic interactions formed between C464 and A475. T3 involves 
hydrophobic interactions centered at 1462, which interacts with L476, A480 and 
V481. Meanwhile, the tail loop insertion between NP protomers appears to be 
maintained by six groups of residues (Figure 3.3B). I I involves F468 at the tip of tail 
loop forming hydrophobic interactions with M360, F390, L400, L403； A443 and 
M445. 12 involves a salt bridge formed between E395 and R472, and a H-bond 
formed between E395 and F468.15 has a H-bond formed between C464 and R325. 
16 is a hydrophobic cluster involving V322,1462, and V481.13 and 14 involve 
hydrophobic interactions formed among V323, M445, N451, P473,1474, L476 and 
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Figure 3.3 The molecular contacts appear to govern tail loop mediated 
oligomerization. (A) The intra tail loop interactions. Three groups of residues were 
identified from the crystal structure. T1 involves H-bonds (red dotted line). T2 and 
T3 involve hydrophobic interactions (black dotted line). The square (•) at the end of 
dotted line represents the backbone of the residue involved in the interaction. (B) 
The inter chain interactions. Six groups of residues were identified. 12 involves a salt 
bridge (green dotted line) and H-bond. 15 involves H-bond. II, 13,14 and 16 Involve 
hydrophobic interactions. Green boxes indicate that residues are located at the 
groove of the tail loop insertion. 
Sequence alignment between NPA and NPB shows that NPB has an extensive 
N-terminus (Figure 3.4). Since nucleoproteins of other negative sense RNA viruses, 
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like rabies and vesicular stomatitis viruses； have their N-terminal regions reaching 
out to wrap their neighboring NP molecules for oligomerization (Albertini et al., 
2006; Green et al., 2006), it is possible that the extensive N-terminus of NPB acts as 
an additional tethering force, together with tail loop insertion, to mediate 
) 
oligomerization. 
In this chapter； the contribution of the tail loop and the extensive N-terminus to NPB 
oligomerization was studied. 
Flu A l-IASQGTKR SYEQMETGGE- 18 
Flu B 1-ISNMDIDGINTGTIDKTPEEITSGTSGTTRPIIRPATLAPPSNKRTRNPSPERATTSSED 60 
• w * * 
• • • • • • • 
Flu A RQNATEIRASVGRM7GGIGRFYIQMCTELKLSDQEGR-LIQUSITIERMVLS 69 
FluB DVGRKTQKKQTPTEIKKSVYNMWKLGEFYNQMMVKAGLNDDMERNLIQNAHAVERILLA 120 
• • • • 鲁 • • • • • • • • • • 
Figure 3.4 Sequence alignment between the N-terminal regions of NPA and NPB 
shows that the first 68 amino acids of NPB are poorly aligned with NPA. 
3.2 Result 
3.2.1 NPB mutants showed deficiency in overall transcription and replication 
activity 
Since NP homo oligomerization is essential for the maintenance of RNP structure, 
mutations in NP affecting NP - NP interaction result in abnormal RNP structure and 
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thus altered transcription-replication activity. To identify the crucial residues for 
oligomerization； two deletion mutants, targeting the N-terminus (A66) and the tail 
loop (Atail loop) respectively, were constructed. Fourteen single point mutants were 
also constructed, targeting residues in the nine clusters mentioned above. Residues 
involved in salt bridges and H-bonds were mutated to alanine； while residues 
involved in hydrophobic interactions were mutated to serine. 
To find the effect of NP mutation on the transcription-replication activity； the RNP 
activity for vRNA transcription was measured by luciferase assay. In the assay, 
pPol-Luci-NA-RT plasmid was used for production of a modified NA vRNA； in which 
the NA coding sequence was replaced by firefly luciferase gene. When 
pPol-Luci-NA-RT was co-transfected with the plasmids expressing PA, PBl； PB2 and 
NP (wild type or mutants), which were required for vRNA transcription and 
replication, the luciferase activity reflected the transcriptional activity of RNP. The 
amount of NP expressing plasmids transfected to 293T cells were individually 
adjusted, so that each NP mutant had similar cellular expression level (Figure 3.5). 
Since the proteins of two mutants could not be detected by the anti-NP antibody 
(Santa Cruz Biotechnology)； they were subcloned to pcDNA^'^3.1/myc-His for the 
expression of myc-tagged NPB mutants. The RNP activities of myc-tagged NPB 
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mutants were also measured and compared to myc-tagged wide type. For the 
negative control, empty pcDNA instead of pcDNA-NP was transfected. 
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Figure 3.5 The expression of NP mutants in 293T cells detected by western blot. 
Cells of negative control were transfected with empty plasmid. The amount of NP, 
plasmid used for transfection was adjusted to have similar expression level, p-actin 
was detected as internal control. 
At 48 hours post-transfection； the luciferase activity was measured； normalized by 
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EGFP luminance and compared with the activity of wild type NPB (Table 3.1). 
Atail loop possessed very low RNP activity, while A66 retained partial RNP activity 
(Table 3.1). 
Among the seven mutants targeting T l , T2 or T3 that may have altered tail loop 
conformation； only R472A showed very low RNP activity, while V481S had its RNP 
activity reduced to less than 50% of wild-type (Table 3.1). The other five mutants 
disrupting interactions either in T2 (C464S, A475S) or T3 (I462S, L476S and A480S) 
did not have significant change in the RNP activity (Table 3.1). 
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Cluster NP mutant disrupting the Relative lucieferase activity at 
name interactions in the cluster 48 hr post-transfection (%) P 
NC Wild type 99.00 ±3.42 
Negative control 0.56 士 0.04 ** 
A66 49.77 ±4.21 ** 
Atail loop 3.52 ±0.91 ** 
Myc-tagged wild type* 100.00 土 12.4 
Myc-tagged Atail loop* 4.44 土 0.86 * 
T1 R472A 7.66 ±1.34 
T2 C464S 120.11 ±7.90 * 
A475S 124.98 ±18.26 
T3 14625 71.73 ±1.79 * 
L476S 77.77 土 9.22 
A480S 108.35 ±5.21 
V481S 40.23 ±4.97 ** 
I I F468S 3.07 土 1.49 ^ 
12 E395A 4.14 ±1.05 ** 
R472A 7.66 ±1.34 
13 P473S 125.84 ± 23.03 
I474S 106.02 ±2.12 
L476S 77.77 ±9.22 
[P473S,I474S] 2 7 . 9 0 土 4.91 ** 
[P473S,L476S] 49.11 ±3.08 ** 
[I474S,L476S] 2 0 . 7 7 土 2.41 ** 
[P473SJ474S,L476S] 9.15 ±2.27 ** 
Myc-tagged [P473S,I474S,L476S]* 2.78 ±1.39 * 
14 C464S 120.11 ±7.90 * 
P466S 79.13 ±6.58 
V467S 113.45 土 8.08 
[464S;P466S] 53.71 ±3.85 ** 
[C464S,V467S] 87.04 ±2.71 
[P466S,V467S] 63.79 ±1.64 ** 
[C464S,P466S,V467S] 8.87± 1.24 ‘ ** 
1 5 R325A 41.32 ±0.79 ^ 
16 I462S 71.73 ±1.79 * 
V481S 40.23 ±4.97 
Table 3.1 The relative luciferase activity at 48 hr post-transfection. The star (•) 
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indicates that the relative luciferase activities of NP mutants were compared with 
that of myc-tagged wild type NP, while the relative luciferase activities of other 
unmarked mutants were compared with that of wild type. Mutants disrupting 
interactions in more than one cluster are bold. The relative luciferase activity 
reflects the ability of NP mutants to support RNP activity as mentioned. Mutants 
exhibited <10% of wild type activity were defined as very low or no RNP activity. For 
mutants with 11% - 50% wild type activity, the RNP activity was defined as partial. 
For mutants with more than 50% activity, the RNP activity was medium to high. NC； 
cannot be classified. (*,P<0.01; **,P< 0.001) 
Among the single point mutants targeting on inter chain interactions； E395A and 
R472A in 12； and F468S in I I showed very low RNP activity, while R325A in 15 and 
V481S in 16 showed partial RNP activity of wild type NP (Table 3.1). The remaining 
single point mutant located in 13 (P473S； I474S and L476S), 14 (C464S, P466S and 
V467S) and 16 (I462S) possessed rather normal RNP activity (Table 3.1). When 
considering 13 and 14, all of the single point mutations (C464S； P466S； V467S, P473S, 
I474S and L476S) did not affect the RNP activity, so it was of interest to find whether 
more disruptions in 13 and 14 interactions would have more drastic effect on the RNP 
activity. As a result, eight more mutants ([P473S, I474S]; [P473S, L476S]; [I474S, 
L476S] and [P473S, I474S, L476S] for 13; [C464S, P466S]; [C464S, V467S]; [P466S, 
V467S] and [C464S, P466S, V467S] for 14) were constructed. However, only the triple 
point mutants exhibited very low RNP activity； while the other six double point 
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mutants still had normal RNP activity (Table 3.1). 
3.2.2 Expression and purification of NP mutants with low RNP activity 
From the result of lucifease assay, wild type, A66 and six mutants with low RNP 
activity were expressed and purified for further investigation. The six mutants were 
1) Atail loop, 2) E395A, 3) F468S, 4) R472A, 5) [C464S, P466S, V467S] and 6) [P473S, 
I474S, L476S]. 
3.2.2.1 Expression of MBP-tagged NP variants 
The concerned NP mutants were cloned to pRHisMBP for expression of MBP-tagged 
NP variants. They were expressed in E.coli strain, C41, in LB medium at 25°C for 16 
hours. The cells were then harvested by centrifugation and lysed to release the 
protein. The wild type NP was found mainly in supernatant (Figure 3.6). Other 
variants were also found in the supernatant (Data not shown). 
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Figure 3.6 Expression of MBP-tagged wild type NP. The size of MBP-tagged NP is 
109kDa. The NP was mainly found in supernatant. 
3.2.2.2 Purification of MBP-tagged NP variants 
Amylase affinity chromatography 
The supernatant of cell lysate was loaded to an amylose affinity column, and eluted 
with 0 to 20mM maltose gradient. The elution profile of MBP-tagged wild type NP is 
shown (Figure 3.7). The elution fractions were analyzed by SDS-PAGE (Figure 3.8). 
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Figure 3.7 The elution profile of MBP-tagged wild type NP. The elution peak 
started from fraction 6 to 15. 
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Figure 3.8 SDS-PAGE analysis of elution fractions from amylose affinity 
chromatography. 
MBP-tag and RNA removal from MBP-tagged NP variants 
Thrombin and RNase A were added to the pooled elution fractions to cleave MBP 
from MBP-tagged NP and remove RNA. The digestion took place at 4 � C for 16 hours. 
Heparin affinity chromatography 
After removal of MBP tag and RNA, the digested mixture was loaded to heparin 
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affinity column and eluted by Oto 1.5M NaCI gradient. The elution profile of wild 
type NPB is shown in Figure 3.9. The elution fractions were analyzed by SDS-PAGE 
(Figure 3.10). Other variants showed similar elution profiles. 
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Figure 3.9 The elution profile of digested wild type NP. The elution peak started 
from fraction 12 to 14 
Elutions 
12 13 14 Marker 
100 
.V • • 6 6 
Wild type NPB 丨 辦 — 渊 一 贱 
(63kDa) 
56 
Figure 3.10 SDS-PAGE analysis of elution fractions from heparin affinity 
chromatography. 
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The purity of concentrated NP variants was checked by SDS-PAGE (Figure 3.11). 
Most variants were of high homogeneity. 
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Figure 3.11 SDS-PAGE analysis of purified NP variants. 
3.2.3 Secondary structures of NP variants were comparable to wild type NP 
To determine whether mutations introduced to NP induced unwanted change in the 
structure, far UV spectra of NP variants were measured and compared to that of 
wild type NP (Figure 3.12). The spectra of all variants overlapped well with that of 
wild type NP； confirming there was no secondary structure change induced by 
mutations. Thus； the loss of RNP activity is unlikely to be caused by structural 
change in NP variants. 
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Figure 3.12 Far UV spectra of NP variants. Spectra of ail variants were comparable 
to that of wild type NP. 
3.2.4 NP variants with low RNP activity were abnormal in oligomerization in 
vitro 
After showing no major changes of the secondary structures in the NP variants, the 
in vitro oligomeric states of NP variants were studied by static light scattering. The 
native molecular weights were calculated, revealing the oligomerization states. In 
O.IM sodium phosphate and O.IM NaCI (pH6), both wild type NP and A66 gave 
three peaks in the elution profile (Figure 3.13A). A broad and skewed peak at 
around 300kDa for wild type and 260kDa for A66 indicated they existed as tetramer 
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and other higher order oligomers. The other two smaller peaks (at around ISOkDa 
and 56kDa for wild type; 176kDa and 50 kDa for A66) indicated the presence of 
trimer and monomer respectively (Figure 3.13A). Variant Atail loop and R472A 
existed as mainly monomer with small population of dimer as it showed a major 
symmetric peak at around 55kDa and a small peak at around l l S k D a (Figure 3.13B, 
3.13c). For E395A, F468S, [C464S, P466S, V467S] and [P473S, I474S, L476S], they all 
exhibited a single symmetric peak at around 58kDa, revealing that they were 
monomeric (Figure 3.13C). 
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Figure 3.13 Static light scattering of NP variants. The refractive index and light 
scattering signal were measured in the experiment. The curves are refractive indices. 
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The horizontal lines represent the native molecular weights (kDa), which are 
calculated from the refractive index and light scattering signal. (A) Similar to wild 
type, A66 exists as a mixture of monomer； trimer, tetramer and other higher order 
oligomers. (B) ATail loop exists mainly as monomer with small proportion of dimer. 
(C) NP variants with very low RNP activities exist as monomer. 
3.2.5 NP variants with low RNP activity were impaired in homo-oligomer 
formation in vivo 
After studying the in vitro oligomeric states of NP variants, in vivo oligomerization 
properties were investigated by co-immunoprecipitation (co-IP). To start with, wild 
type NP, A66； Atail loop, E395A, F468S, R472A, [C464S, P466S, V467S] and [P473S, 
I474S, L476S] were tagged with myc at C-terminus and flag at N-terminus separately. 
Myc-tagged NP (wild type or mutant) was co-transfected with corresponding 
flag-tagged NP. Since anti-myc antibody was used to co-immunoprecipitate 
myc-tagged NP, the presence of flag-tagged NP indicated the oligomerization of NP. 
It was found that all flag-tagged NP variants were co-immunoprecipitated with their 
myc-tagged counterpart (Data not shown). It seems that all NP mutants have the 
same ability as wild type NP to form oligomer in vivo. However, NP can bind RNA； it 
is possible that the observed interaction between myc-tagged and flagged-NP is 
mediated by RNA instead of tail loop insertion. 
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It was reported that removal of RNA did not affect NP to form oligomer (Chan et al., 
2010; Ruigrok & Baudin, 1995). Thus, alanine mutation of a group of RNA binding 
residues (Gl: K125, K126, R235 and R236) was introduced to wild type NP and NP 
mutants； generating a series of G1 mutants which cannot bind RNA. The detail of G1 
is discussed in chapter 4. During co-IP； RNase A was added to ensure RNA removal. 
With introduction of G1 mutations and RNase A, the detected flag-tagged NP 
variants indicate the presence of tail loop mediated NP-NP oligomerization. 
Flag-tagged NP-Gl was detected with band intensity similar to that of flag-tagged 
wild type NP, showing that the introduction of G1 mutation and RNase A did not 
affect oligomerization in vivo (Figure 3.14). For flag-tagged Atail loop/Gl, E395A/G1, 
F468S/G1, R472A/G1, [C464S, P466S, V467S]/G1 and [P473S, I474S, L476S]/G1, they 
could not be detected； suggesting that those variants were monomeric in vivo 
(Figure 3.14). 
There is different ratio of band intensity corresponding to myc-tagged NP and 
flag-tagged NP observed in G1 and WT； but not in A66/G1. Possibility, it is because 
not all expressed flag-tagged NP can co-immunoprecipitate with myc-tagged NP. The 
amount of flag-tagged NP being co-immunoprecipitated can be different in 
individual reaction mix. 
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Figure 3.14 Co-immunoprecipitation of a series of G1 mutants. The expression of 
myc-tagged and flag-tagged NP was confirmed. Myc-tagged NP variants were 
co-immunoprecipitated with their flag-tagged counterparts in the presence of 
RNase A. Both flag-tagged G1 and A66/G1 were detected, but not the other 
flag-tagged NP variants. V represents the presence of anti-myc antibody. 
represents the absence of anti-myc antibody. 
3.2.6 Discussion 
In this study, the essential molecular contacts for influenza B NP oligomerization 
* 
were investigated by mutational analysis. 
The role of the extensive N-terminus in oligomerization was investigated by the 
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generation of N-terminus deleted NP, A66. The RNP activity of A66 reduced to less 
than 50% (Table 3.1). However, its ability to form homo-oligomer in vitro and in vivo 
was unaffected and comparable to wild type (Figure 3.13A, 3.14)； suggesting that 
the reduction in RNP activity was not from disability in oligomer formation. Thus； 
the N-terminus of NPB is unimportant in oligomerization. The NP N-terminus may 
be involved in interactions with other cellular or viral components, but unlikely to 
interact with viral or cellular RNA because the affinity between RNA and His-tagged 
NP N-terminal peptide (His-tagged 1-68) was too weak to be determined by surface 
plasmon resonance (Figure 4.8). It has been reported that N-terminal deletions did 
not affect expression and replication of model RNA (Stevens & Barclay, 1998), which 
appears to be contradicting to the reduced RNP activity reported here. However, it 
can be explained by the usage of different assay system. In this study, the luciferase 
activity instead of the amount of model RNA produced was measured. One copy of 
mRNA transcribed from modified vRNA results in more than one copy of luciferase 
produced, and therefore signals in luciferase assay are amplified, giving a higher 
sensitivity in reflecting RNP activity. 
In the crystal structure of influenza B NP, the tail loop of a protomer inserts to the 
body domain of its neighboring protomer, and therefore it is hypothesized that tail 
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loop also mediates oligomerization. This is proved by deletion of tail loop resulting 
in greatly reduced RNP activity (Table 3.1) and monomer formation both in vitro and 
in vivo (Figure 3.13B, 3.14). As a result, the intra tail loop and inter chain interactions 
were further studied. 
The insertion of tail loop into its binding groove is mainly maintained by the salt 
bridge and H-bond in cluster 12 and three hydrophobic cluster, l i , 13 and 14 (Figure 
3.3B). The inter chain cluster 12 centered at E395 plays a crucial role in maintaining 
tail loop insertion. Both E395 and R472 in this cluster are crucial for 
homo-oligomerization. Their mutation to alanine resulted in the low RNP activity 
(Table 3.1) and monomer both in vitro and in vivo (Figure 3.13C, 3.14). The mutation 
of E395A disrupts all interactions involved in 12 and thus the insertion event is not 
maintained. Meanwhile, since the mutation of R472A disrupts interactions in both 
12 and T l , its disability in oligmer formation may be caused by both disruptions in 
the inter chain and the intra tail loop interactions. It appears that the E395-R472 
interaction contributes more than E395-F468 interaction due to the shorter bond 
length of E395-R472 interaction (2.86A and 3.09A respectively). The corresponding 
interaction in influenza A NP is E339-R416, which has been proven to be critical in 
tail loop insertion maintenance (Chan et al” 2010) (Figure 3.15). Due to the 
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conservational role of this ion pair in both influenza A and B NP, it is a good target 
for antiviral drugs. 
The extensive hydrophobic cluster I I centered at F468 also plays a critical role in the 
tail loop insertion event. F468S, which destroyed all hydrophobic interactions in II； 
reduced the RNP activity to a low level (Table 3.1) and resulted in monomer both in 
vitro and in vivo (Figure 3.13C, 3.14). The corresponding residue in NPA； F412, was 
also found to be vital for RNP activity by luciferase assay and in vitro RNP replication 
assay (Coloma et al., 2009; Li et al., 2009). However； the mutation in NPA F412 led to 
a mixture of monomeric NP and other higher order oligomer by gel filtration 
(Coloma et al” 2009), while in our case； F468S resulted in monomeric NP. This 
suggests NPA F412 may be involved in events other than oligomerization, or there 
are other interactions can compensate for the loss of interactions of F412 mutation. 
Another inter chain cluster, 13, also plays an important role in maintaining tail loop 
insertion. The triple-point mutant, [P473S, I474S, L476S], with all of the interactions 
in 13 disrupted possessed very low RNP activity (Table 3.1) and existed as monomer 
both in vitro and in vivo (Figure 3.13C, 3.14). This indicates the essential role of the 
three residues in oligomerization. However, single-point mutants (P473S, I474S and 
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L476S) in 13 had normal RNP activity, showing that P473S, I474S and L476S do not 
work individually. Meanwhile, the partial RNP activity of double-point mutants 
([P473S, I474S], [I474S, L476S], [P473S, L476S]) suggests that the three residues 
work co-operatively. One remained interaction pair can maintain the insertion 
event in some extend to support partial RNP activity, and therefore mutation in 
interacting pairs is tolerable for viral survival. One of the interactions, L476-V323, is 
conserved in influenza A NP (F420-I265 shown by NPA structure). However, as only 
one interaction is conserved in influenza A, the co-operability of the cluster at the 
tail loop stem is unique for influenza B NP. 
Another cluster 14 at the stem is also essential for the tail loop insertion. Disruption 
of the three interactions in [C464S, P466S, V467S] led to low RNP activity and 
formation of monomer in vitro and in vivo (Figure 3.13C, 3.14), suggesting C464, 
P466 and V467 together are crucial for maintaining the tail loop insertion. 
Interestingly, mutants with single-point mutation (C464S, P466S and V467S) or 
double-point mutations ([C464S, P466S], [C464S, V467S] and [P466S, V467S]) in the 
cluster maintained normal RNP activity, indicating they do not work individually or 
in pairs； but cooperatively (Table 3.1). The RNP activity is very low only when all of 
the three interactions are disrupted, making mutations in the cluster tolerable. This 
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cluster is also unique for influenza B NP because there is the only conserved 
interaction, G449-P466； found in influenza A. 
Mutations of R325 in 15 and V481 in 16 resulted in a more than 50% reduction in 
RNP activity (Table 3.1), suggesting the R325-C464 and V322-V481 interactions may 
contribute to oligomerization by stabilizing the oligomers. Although 1462 is involved 
in both cluster 16 and T3 (Figure 3.3), I462A was found to have normal RNP activity, 
showing it is unimportant for oligomerization. 
Comparison between the crucial inter chain interactions of NPA and NPB, NPA has 
only one crucial cluster (E339-R416) to maintain tail loop insertion, while NPB has 
four. As a result, there are more residues for maintenance of NPB tail loop insertion. 
This suggests influenza B NP may be more susceptible to tail loop mutation 
compared to influenza A, leading to nonfunctional NP. 
Among the three intra tail loop interaction clusters (T1-T3), only T1 has a potential 
role for the maintenance of tail loop conformation. R472A had little RNP activity ‘ 
(Table 3.1) and was monomeric in vitro and in vivo (Figure 3.13C, 3.14). However, 
since R472 also participates in inter-subunit interaction, it cannot be concluded 
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whether disruption in the inter-subunit interaction or the intra tail loop interaction 
or both of them causes the monomeric R472A. 
Cluster T3 was found to be unimportant in the tail loop maintenance because I462S 
retained normal RNP activity even though all interactions in T3 were disrupted 
(Table 3.1). This is consistent with the normal RNP activity of other two single-point 
mutants, L476S and A480S, but not the partial RNP activity ofV481S. Probably, it is 
because V481 also takes part in inter-subunit interactions (15). 
Another intra tail loop interaction at the stem, J2, was also found to be unimportant 
in oligomerization. Both mutants disrupting T2, C464S and A475S； showed normal 
RNP activity (Table 3.1). Thus, it can be concluded that there is no cluster or residue 
found to be crucial for tail loop maintenance. Unlike NPB； NPA has four non-polar 
residues (V408, P410, L418 and P419) at the stem forming a zigzag pattern of 
hydrophobic interactions； which are crucial for tail loop maintenance (Chan et al.； 
2010) (Figure 3.15). It was previously predicted that P466-I474 interaction, which is 
equivalent to P410-L418 interaction in NPA, might be sufficient for the NPB tail loop 
maintenance (Chan et al., 2010) (Figure 3.15). However, the lack of interactions 
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Figure 3.15 The tail loop of influenza A NP. The crucial residues for NPA 
oligomerization are shown. Blue boxes indicate that the residue is located in the tail 
loop and red box indicates that the residue is located in the binding groove. 
Residues in purple boxes are the corresponding residues in NPB. 
To conclude, the major factor governing the tail loop mediated oligomerization in 
NPB is the inter subunit interactions between tail loop and its insertion groove. The 
crucial residues involved in the inter subunit interactions are identified. E395 and 
R472 forming salt bridge, and F468 forming hydrophobic interactions with several 
residues situated in the binding groove are individually crucial for the maintenance 
of tail loop insertion. Also, two groups of non-polar residues, P473,1474 and L476; 
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and C464, P466 and V467, are crucial in collaboration, but individual amino acid did 
not have significant contribution. Since the crucial residues are highly conserved, 
their roles in oligomerization are likely to be conserved in different influenza B virus 
strains (Table 3.2). Thus, these regions may be new targets for antiviral drugs. The 
E395-R472 interaction is especially interesting due to its conservation in both 
influenza A and B. 
Position Residue Composition (%) 
395 E 100 
464 C 100 
466 P 100 
467 V 100 
468 F 100 
472 R 100 
473 P 100 
474 I 100 
476 L 99.7 
I 0.3 
Table 3.2 Variability of residues important for influenza B NP-NP interaction 
among 306 influenza B virus strains. 
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Chapter 4 
Identification of residues crucial for NP 一 RNA interaction and 
ribonucleoprotein activity 
4.1 Introduction 
The crystal structure of NPB shows a deep groove between the body and head 
domains, which is exposed in the NP tetramer (Figure 4.1). The surface of the 
groove is rich in basic residues (Figure 4.2), and therefore it is likely to interact with 
the phosphodiester backbone of RNA, similar to influenza A NP (Ng et al” 2008). 
RNA binding groove ^ ^ ^ ^ ^ - j j f c - - ^ ^ 
Figure 4.1 Side view of a NPB tetramer showing the deep RNA binding groove. 
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磁 • 急 wm 
Figure 4.2 Electrostatic distribution of influenza B NP. Panel A rotates 90° 
clockwise along its vertical axis to attain the orientation of panel B. Blue and red 
colors represent positive and negative electrostatic potentials respectively. Although 
the charged loop is disordered in the crystal structure, it is located within the 
potential RNA binding groove. 
Sequence alignment between influenza A and B NP shows that the two groups of 
basic residues in the groove (G1 and G2) (Figure 4.2), which were found to be crucial 
for RNA-binding in influenza ANP (Ng et al., 2008), are quite conserved in influenza 
B NP (Figure 4.3). The alignment also reveals that the flexible charged loop (residues 
74-91 in NPA, residues 125-149 in NPB), which is crucial for influenza A NP-RNA 
interaction, is lengthened in influenza B NP. The roles of these regions in RNA 
binding were investigated. 
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Flu A AFDERRNRYLEEHPS A G K — D P K K T G G P I Y R R - R D G K — — W V R E L I L Y D K E E I R R 118 
Flu B ATDDKKTEFOKKKNARDVKEGKEEIDHNKTGGTFYKMVRDDKTIYFSPIRITFLKEEVKI 180 
* *：：：..： : : : ： * * * : * * * * . ： * ： ： 
• • • • • 
Flu A IWRQANNGEDATAGLTHl-IMIWHSNLNDATYQRTRALVRTGMDPRMCSU-IQGSTLPRRSGA 178 
Flu B I-IYKTT-MGSDGFSGLNHIMIGHSQMNDVCFQRSKALKRVGLDPSLISTFAGSTIPRRSGA 239 
. . . . . ^ J * * ** ； ： ** . ： ** ： ： ** ： * ： •禽 * J •龠•^r 
習 Flexible charged loop • G1 ^ G2 
Figure 4.3 The sequence alignment between the RNA binding region of influenza A 
and B NP. 
4.2 Result 
4.2.1 NPB mutants showed deficiency in overall transcription and replication 
activity 
NP-RNA binding is essential for higher order NP oligomer formation and RNA 
encapcidation in RNP. Thus, NP mutants with altered NP-RNA interaction cannot 
form functional RNP； leading to abnormal viral replication-transcription activity. To 
identify the role of the Gl； G2 and charged loop in RNA binding, charge-to-alanine 
mutations were introduced to G l and G2, and the charged loop was deleted 
(A125-146). 
The RNP activity of NP variants was measured by luciferase assay as mentioned m 
3.2.1. Again, the amount of NP expressing plasmids transfected to 293T cells was 
individually adjusted, so that each NP mutant had similar cellular expression level 
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(Figure 4.4). At 48 hours post-transfection； the luciferase activity of mutants was 
measured and normalized by EGFP luminance and compared with the activity of 
wild type (Figure 4.5). Charge-to-alanine mutations on the G1 and G2 regions and 
deletion of the flexible charged loop greatly reduced the RNP activity to less than 
10% of the wild-type (Figure 4.5). 
, 粉 w 〜 v w 、 
N P B 
Target r e g i o n :身 ^ ^ 斧 ^ ^ 
眺 i ^ ^ ^ ^ B 
M c t i n 
Figure 4.4 The expression of NP mutants in 293T cells detected by western plot. 
Cells of negative control were transfected with empty plasmid. The amount of NP 
plasmid used for transfection was adjusted to have similar expression level, p-actin 
was detected as internal control. 
59 
To further identify the crucial residues in the charged loop for RNA binding, six 
multiple-point mutants with charge-to-alanine mutations on the flexible charged 
loop were constructed. Three of them ([R136A, K139A, K142A, K149A], [K125A, 
K126A] and [K131A, K132A, K133A]) had a normal RNP activity (Figure 4.5). 
Meanwhile, the RNP activity of [K125A, K126A, K131A, K132A, K133A] and 9AA 
greatly reduced to less than 10% of wild-type (Figure 4.5). Only one mutant (6AA) 
possessed partial RNP activity (Figure 4.5). 
The RNP activity of influenza A NP mutants corresponding to the charge-to-alanine 
mutations on the G1 and G2 regions, and the charged loop deletion of NPB was 
measured for comparison (Table 4.1). 
Target region in influenza A Relative lucieferase activity at 48 hr 
post-transfection (%) P 
Wild type 100.00 ± 5.71 
Negative control 0.56 ±0.04 ** 
G1 (charged aa. to alanine) 3.71 ±1.48 ** 
G2 (charged aa. to alanine) 2.71 ±0.66 ** 
Charged loop (deletion) 2.98 土 1.26 ** 
Table 4.1 The relative luciferase activity of influenza A NP mutants at 48 hr 
post-transfection. Mutants exhibited <10% of wild type activity were defined as very 


















































































































































































































































































































































































































































































































































































































































































4.2.2 Expression and purification of NP variants with low RNP activity 
From the result of luciferase assay； five mutants that possess very low RNP activity 
were expressed and purified for further investigation. All mutants were deleted with 
the N-terminal 66 amino acids； and cloned to pRHisMBP for the expression of 
MBP-tagged NP variants. The mutants were 1) [A66 K125A, K126A, R235A, R236A], 
2) [A66 R211A, K213A, R217A], 3) A66 A125-146, 4) [A66 K125A, K126A, K131A, 
K132A, K133A] and 5) A66 9AA. The expression and purification method of 
MBP-tagged NP was mentioned in chapter 3. Figure 4.6 shows the purified NP 
variants. 
芽勞 f / 
/ / , / // 
树 鲍 / / / / / 
Figure 4.6 SDS-PAGE analysis of purified NP variants. 
62 
4.2.3 Secondary structures of NP variants were comparable to wild type NP 
To determine whether mutations introduced to NP induce unwanted change in the 
secondary structure, far UV spectra of NP variants were measured and compared to 
that of wild type NP (Figure 4.7). The spectra of all variants overlapped well with 
that of wild type NP, confirming there was no secondary structure change induced 
by mutations. Thus, the decrease in RNP activity cannot be explained by structural 
change in NP variants. 
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4.2.4 NP variants with low RNP activity were abnormal in RNA binding 
After showing no major changes of the secondary structures of NP variants, the in 
vitro RNA binding activities of NP variants were measured by surface plasmon 
resonance (SPR). Wild type NP interferes the SA sensor chip significantly, making the 
chip difficult to be regenerated for kinetic studies. The removal of N-terminus 
(residues 1-66) reduced non-specific binding, but did not affect RNA binding as 
shown by the fact that His-tagged 1-68 peptide (obtained from Genscript) did not 
bind to immoblized RNA (Figure 4.8). Thus, A66 instead of wild type NP was used for 
comparison with N-terminal deleted NP variants ([A66 K125A, K126A, R235A, 
R236AL [A66 R211A, K213A, R217A], [A66 A125-146], [A66 K125A, K126A, K131A, 
K132A, K133A] and [A66 9AA]). 
Two NP variants (A66 and [A66 A125-146]) showed RNA binding affinity. Their 
binding to immobilized RNA is shown in Figure 4.9. The RNA binding affinity of A66 
towards the immobilized RNA oligo is 12.8nM, while that of the flexible charged 
loop deleted variant ([A66 A125-146]) was 14-fold decreased respectively (Table 4.2). 
Meanwhile, the G1 variant ([A66 K125A, K126A, R235A, R236A]), the G2 variant : 
([A66 R211A, K213A, R217A]) and the flexible charged loop variants {[A66 K125A, 
K126A, K131A, K132A, K133A] and [A66 9AA]) showed no RNA binding even at high 
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concentration (1 jiM) (Data not shown). The relative binding curves of 112nM NP 
variants are plotted in Figure 4.8. 
The binding of 112nM NP variants to immobilized RNA 
一 A 6 6 — [ Z i 6 6 K125A, K126A, R235A. R236A] 
一 [ A 6 6 R211A, K213A, R217A1 — A 6 6 A125-146 
一 A 6 6 9AA 一 [A66 K125A, K126A, K131A, K132A, K133A] 
— C t r l (BSA) 一 His-tagged 1-68 
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Figure 4.8 Binding of NP variants (112nM) to immobilized RNA on SA chip. Bovine 
serum albumin (BSA) was a negative control. 
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Figure 4.9 Kinetic studies of NP variants. Increasing concentrations of NP variants 
were injected to a SA sensor chip immobilized with biontinylated RNA. The square 
boxes (D) represent injections at 30 jil/min for 150s, followed by buffer flow. The 












































































































































































































































































































































































































































In this study, the roles of the Gl , G2 and flexible charged loop towards the 
polymerase activity of the viral RNP and the RNA-binding affinity were investigated 
by luciferase assay and surface plasmon resonance (SPR) assay respectively. 
The charge-to-alanine mutations on the G l and G2 regions and the deletion of the 
flexible charged loop of influenza B NP resulted in very low RNP activity (Figure 4.5), 
showing their vital roles in RNP activity. These are consistent with the RNP activity of 
influenza A NP mutants derived from the same assay (Table 4.1). The RNA binding 
affinity of the purified N-terminal deleted NP variants was measured by SPR to 
prevent unwanted interference induced by the N-terminus. The G l variant {[A66 
K125A, K126A, R235A, R236A]) and the G2 variant {[A66 R211A, K213A, R217A]) 
showed no RNA binding affinity (Table 4.2). The decrease in the RNA binding affinity 
of the G l and G2 variants explains the low RNP activity of the G l and G2 mutants, 
indicating their important roles in RNA binding. These data are in good agreement 
with those of influenza A NP G l and G2 variants (Table 4.3) (Ng et al” 2008). 
However, the RNA-binding affinity of the flexible charged loop deletion mutant : 
([A66 A125-146]) showed a 14-fold decrease, which is significantly more dramatic 
than the 6-fold decrease in its influenza A NP equivalent (Table 4.3) (Ng et al” 2008). 
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This data confirms the vital role of the flexible charged loop in RNA binding and 
suggests the loop of influenza B NP contributing to NP-RNA interaction more than 
its counterpart of influenza A. 
Target region in influenza A NP Mean Kd (nM) Fold change 
Wild type NPA 23.1 ±0.8 / 
G1 (charged aa. to alanine) ND / 
G2 (charged aa. to alanine) 108.9 ±4.5 -4.72 
Charged loop (deletion) 148.0 ±6.8 -6.41 
Table 4.3 Kd of influenza A NP and its variants corresponding to the 
charge-to-alanine mutations on the G1 and G2 regions, and the charged loop 
deletion of NPB (Ng et al” 2008). The Kd was measured by SPR (Ng et al” 2008). ND, 
not determined. 
The long flexible charged loop (aa. 125-149) in influenza B NP contains nine basic 
and six acidic residues. To investigate what kind of charges contribute to the RNP 
activity, 9AA and 6AA mutants were constructed, which had all of the positively and 
negatively charged residues mutated to alanine respectively. The mutant 9AA lost 
most of the RNP activity, while mutant 6AA retained a substantial level of RNP 
activity (Figure 4.5). SPR data of the [A66 9AA] variant showed no binding towards 
RNA, with an affinity lower than the loop-deleted variant {[A66 A125-146]) (Table 
4.2). This is possibly due to the charge-charge repulsion of the remaining acidic 
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residues on the loop against the negatively charged RNA, or the steric hindrance 
caused by the presence of the loop. Nevertheless, the positive charges on the loop 
are essential to the RNA-binding affinity, as well as the polymerase activity of the 
viral RNP. 
To map the crucial basic residues on the flexible charged loop； four multiple-point 
charged-to-alanine mutants were constructed (Figure 4.5). Residues R136, K139, 
K142 and K149 were found to be non-essential, as mutations on them did not 
reduce RNP activity at all (Figure 4.5). In contrast, five-point mutations on residues 
K125, K126, K131, K132 and K133 greatly reduced the RNP activity to 5.85 % of the 
wild-type (Figure 4.5). This variant also showed no binding towards RNA in the SPR 
measurement (Figure 4.8, Table 4.2). However, double and triple point mutants 
[K125A, K126A] and [K131A, K132A, K133A] still retained most of the polymerase 
activities (Figure 4.5). These data indicate that the first two lysine residues {K125 
and K126) or the next three lysine residues (K131A, K132A, K133A) are 
independently sufficient for RNA binding. Thus, all of the five lysine residues need to 
be mutated to abolish RNA binding； and therefore the two groups of lysine residues 
act as back up for each other. 
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Previously, arginine but not lysine in influenza A NP has been found to be crucial for 
RNA binding by chemical modification experiments (Debra Elton et al., 1999). It is 
consistent with the fact that the G1 and G2 regions of influenza A NP contain 
arginine residues only. However, both arginine and lysine residues are involved in 
the G1 and G2 regions of influenza B NP, and only lysine residues are crucial in the 
flexible charged loop. It is not known why lysine has a preference over arginine in 
the flexible charged loop for RNA binding. However, the lysine residues in the loop 
are highly conserved among 306 influenza B viruses (Figure 4.10). The other 
residues found to be crucial for NP-RNA interaction are also strictly conserved； 
suggesting the roles of these residues in RNA binding are likely to be conserved in 
different influenza B virus strains. 
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Region Position Residue Composition (%) 
131 K 100 
132 K 99 
Charged loop R 1 
133 K 95.8 
R 4.2 
"“ 125 K 100 
G1 L 126 K 100 
235 R 100 
236 R 100 
一 211 R 100 
G2 213 K 100 
217 R 100 
Figure 4.10 Variability of residues important for influenza B NP-RNA interaction. 
To conclude, three groups of basic residues in the RNA binding groove, including G l , 
G2 and the first five lysine residues in the flexible charged loop, are crucial for 
NP-RNA interaction of influenza B NP. As the three groups of residues are highly 
conserved in influenza B and accessible； they are good targets for anti-viral drugs. 
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Chapter 5 
Conclusion and future prospect 
In summary, the major factor governing the tail loop mediated oligomerization in 
NPB is the inter subunit interactions between the tail loop and its insertion groove. 
E395, F468 and R472 are crucial to maintain tail loop insertion individually, while 
two groups of residues at the tail loop stem are crucial in collaboration (Figure 5.1). 
These residues are highly conserved among influenza B virus, and may be new 
targets for anti-viral drugs. The E395-R472 interaction is especially interesting due to 
its conservation in both influenza A and B. 
f [ 395 ] [472J 
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Figure 5.1 Residues crucial for oligomerization. The residues that are crucial 
« * 
individually are shown in red boxes. The underlined residue is located in the 
insertion groove on another NP molecule. Two groups of residues are crucial in 
collaboration, shown in purple and blue boxes. 
73 
The RNA binding groove plays an important role in NP-RNA binding. Two groups of 
basic residues,Gl and G2, and a flexible basic loop located in the groove are vital for 
RNA binding. Not all； but only five of the basic residues in the loop contribute to 
RNA binding (Figure 5.2). Since these residues are exposed on the NP surface and 
conserved among influenza B NPs； they can be new targets for anti-viral drugs. RNA 
association to influenza A NP leads to the formation of higher order NP (Ng et al., 
2008; Ye et al., 2006), so co-crystallization of influenza B NP and RNA is worth trying 
to see whether there is any structural change in NPB to better characterize NPB 
oligomerization. Also； crystal structure of NP-RNA complex can give detailed 
information about how NP and RNA interact. 
125 KKTEFQKKKNARDVKEGKEEIDHNKTGGTFYKMVRDDKTIYFSPIRITFLKEEVKT 180 
181 MYKTTMGSDGFSGLNHIMIGHSQMNDVCFQRSKALKRVGLDPSLISTFAGSTIPRR 236 
— F l e x i b l e charged loop • G l • G2 
Figure 5.2 Partial sequence of influenza B NP. Residues crucial for RNA binding are 
italic and bold. G l involves K125, K126, R235 and R236. G2 involves R211, K213 and 




Although the N-terminus of influenza B NP is not required for NP 
homo-oligomerization, it may have other conserved functions because it is highly 
conserved among influenza B NPs. The N-terminus may interact with other cellular 
or viral components. Most likely, it may contain a monopartite nuclear localization 
signal (NLS) as predicted by PSORT II (Horton et al., 2007) to interact with importin 
for nuclear import. The suspected NLS can be fused to GFP for cellular localization 
study. Since NLSs in the rest of C-terminal region have not been identified, 
systematic deletion of NP can be used to identify other NLS containing regions. 
Apart from NP and vRNA； the interactions between influenza B NP and other viral 
components have been poorly studied. It is not known how NP associates with the 
polymerase complex, whether NP interacts with M l for RNP assembly and NS l for 
the regulation of vRNA synthesis. Further studies are required to elucidate the 
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